The penemsare highly potent broad-spectrum^-lactam antibiotics closely related to the naturally occurring penicillins, cephalosporins and carbapenems. They are not, however, elaborated by microorganisms, but prepared synthetically, preferably by total synthesis1*^. Work done mainly by industrial research chemists, and buried to a large extent in the patent literature, resulted in the preparation of penems bearing different substituents, for the most part in the C-2 position. Substituents at C-6 were limited to hydroxymethyl or hydroxyethyl groups; different substitution pattern at C-6 have been shown to result in chemically rather unstable compounds, or in agents lacking any relevant antibacterial activity3~5).
Limiting the C-6 substituent to the foregoing groups, we started a programmeto identify new 2-substituted compounds, distinguishable from the well known 2-aminoalkyl-6), 2-alkylthio-7~9), 2-heterocyclyl-10'n), 2-oxymethyl-12>13) and 2-oxy-penems14). In this paper we report on the preparation and on the biological activity of a series of 2-lactonyl penems of the general formula 115).
Chemistry
The lactonyl penems 1 were synthesized according to Woodward's method^, following the general synthetic pathway depicted in Scheme1. The commonstarting material for the synthesis of all penems listed In Table 3 was the silver thiolate 2i6,17)^which after acylation with the appropriate acid chlorides 3 yielded phosphoranes 4. With compounds of type 4a (R^H; silyl protection on l '-OH) the two diastereomeric phosphoranes 4 could be separated chromatographically starting with racemic acid chlorides 3, whereas with compounds of type 4b (R=CH3; allyloxycarbonyl protection on l'-OH) non satisfactory separation was possible, except for the diastereomeric mixture 4b leading to the penems 30 and 31. The penem esters 5 were formed by Wittig cyclization of 4. Desilylation of5a to 6 followed by deblocking of the protective allyloxycarbonyl group in 5b and in 6 was done by well-established methods.
A survey of the lactonic acids 7~16 used in this work is shown in Scheme 2. Scheme 3 outlines the synthesis of 10. Details of the preparation of 7~16 are given in the Experimental part.
Absolute Configuration After the penems 26 and 27, first obtained as a diastereomeric mixture (ca. 1 : 1 ; MICvalues not reported in Table 3 ) starting from racemic lactonic acid 818) and silver thiolate 2b, had been found to possess excellent antibacterial properties, we prepared the single diastereomers starting from enantiomerically pure lactonic acid 8, in order to study their biological activities. According to the literature, compound8 has been resolved by classical procedures19), or synthesized by Arndt-Eistert homologation of the butanolide 7 (easily obtained from 6f(+)-glutamic acid by diazotation20)), or directly from i?-( -)-/3-amino adipinic acid21). However, the chemical yield and the optical purity of the above intermediates were poor, and wetherefore looked for an alternative approach that would permit the desired compoundsto be into optically pure R-(-)-8a and £-(+)-8a. At this stage, the NMRspectroscopic data (see Table 2 ) supported by X-ray analysis (see below)
of the crystalline penem ester 2V indicated the absolute configurations of the side-chain listed in the Tables.
Crystal Structure and Conformation of Penem Ester 21 Since the absolute configuration of the^-lactam part is given by chemical synthesis, the absolute configuration of 21 is the one shown in the corresponding formula. Bond lengths and angles agree with expected values. The nitrogen atom deviates from the plane of its three substituents by 0.42 A. The angle between the thiazoline double bond and the ester group is 16°.
f The relative configuration of the side-chain in 21 corresponds to that found in 26, and indeed both compounds showsimilar spectroscopic properties with regard to chemical shifts of the methyleneprotons at C-2. However, because of the changed priority in the CIP nomenclature of the substituents of the chiral center in 29, the absolute configuration in the side-chain of 21 and therefore also in 29 is R and in 26 is S. were, however, inactive against Pseudomonas aeruginosa. With the exception of compounds bearing a lipophilic condensed aryl side-chain {e.g., 33, 34, 35 and 36), the whole series displayed the same good activity, especially against Gram-positive and, to a slightly lesser extent, also against Gram-negative bacteria, regardless of the length of the spacer (CH2)n and the regiochemistry of the side-chain. This consistency is in sharp contrast to the variable activity seen in other series of penemsexamined, e.g. the 2-heterocyclylmercaptoalkyl derivatives10).
Surprisingly enough, comparisons of pairs of diastereomers {e.g., 24 and 25, 28 and 29, 26 and 27) revealed only minor differences in antibacterial activity. The diastereomeric penems 26 and 27 displayed the best activity, showing not only a well-balanced antibacterial spectrum, but also good activity in vivo (see Tables 3 and 4) . Compounds 26 and 27 differed markedly in their stability against human dehydropeptidase-I (DHP-I), in contrast to other members of this penem family, between which no appreciable differences in DHP-stability were found (see Table 5 ). of 2-lactonyl penems (MICs in iwg/ml)a. Experiment al IR spectra were obtained using a Perkin-Elmer apparatus Model 983G. The UVspectra were recorded on a Cary 118 instrument. The 360 MHz^NMRspectra were recorded on Brucker HX 360 apparatus (TMS0.0). All mp's are uncorrected.
Lactonic Acid (±)-9
To a solution of 3 g (17.22 mmol) 4-oxopimelic acid in 20.7 ml 2 n NaOH was added 0.65 g NaBH4 in 20 ml H2O at 0°C. After the addition was complete, the solution was stirred for 2 hours at room temp. The reaction mixture was acidified with 4 n HC1, and the solution satd with NaCl and extracted continuously overnight with Et2O. The solvent was evaporated and the residue chromatographed on silica gel with CH2C12 -MeOH (9 : 1) 
Lactonic Ester (±)-18
To an ice-cold solution of 1 g (5.42 mmol) 1726) in 10ml CH2C12 was added 0.5 g NaHCO3 followed by 1.3 g m-CPBA(85%). After stirring overnight at room temp, the reaction mixture was filtered, diluted with CH2C12 and washed with satd NaHCO3and 1 n NaOH. The solvent was evaporated and the residue purified by filtration on silica gel in Et2O -hexane (1 : 1 Preparation of ( ifc)-10 A solution of 8.5 g (42.45 mmol) 18 in 27 ml 2 n HC1and 30ml THFwas stirred overnight at 0°C; after stirring for a further hour at 50°C, the reaction mixture was diluted with H2O(100 ml), saturated with NaCl and continuously extracted overnight with Et2O. The solvent was evaporated, and the residue chromatographed on silica gel with CH2C12-MeOH (98 : 2) R-(-)-7 and 5-(+)-7 were prepared starting from R-and S-glutamic acid, respectively, following the procedure described in the Iiterature27~29). r-H2), 2.60 (2H, m), 2.50 (1H, m) and 1.98 (1H, m) (3-H2 and 4-H2).
Chromatographic Resolution of ( =b)-8a into R-(-)-8a and 5-(-f-)-8a on Cellulose Triacetate The sorbent cellulose triacetate was prepared by heterogeneous acetylation of microcrystalline cellulose, according to literature procedure22). A particle size of 40~70 nm was adjusted by brief milling and sifting. Preparative resolution of the lactone ester (±)-8a was performed on a 100 x 5 cm glass column (Buechi, Uster, Switzerland). This column was slurry-packed with swollen microcrystalline triacetyl-cellulose in 95 % ethanol at room temp. A pressure of 4 kg/cm2 (flow rate 300 ml/hour) was applied using an Altex 110 A pump, and the eluate was monitored with a polarimeter (241 MC, Perkin-Elmer, Norwalk, CT, U.S.A.) equipped with a |300-/4 flow cell (length 10 cm) at 365-nm. Thus 4.2 g of the racemate (±)-8a dissolved in 30 ml EtOH -H2O (95 : 5) was chromatographically resolved on this column. After detection and combination of the fractions each containing the optically pure enantiomer, the solvent (eluent) was evaporated and the residual oil was purified by 
Penem Ester 5, General Method
Phosphoranes 4 were stirred in toluene at 100°C in the presence of catalytic amounts of BHT (2,6-di-ter/-butyl-/?-cresol).
After the reaction was complete (TLC monitoring), the solvent was evaporated and the penem esters 5 purified by chromatography (solvent : Toluene -EtOAcor hexaneEtOAc).
Penem Ester 6, General Desilylation Procedure
To a stirred solution of penem ester 5a in THFa 5-fold excess of AcOHand 0.1 mtetrabutylammonium fluoride -THF solution (12 equivalents) were added at -70°C by syringe. The cooling bath was removed and the reaction mixture stirred at room temp until starting material could no longer be detected on TLC. The solvent was evaporated in vacuo, and the residue diluted with EtOAc, and washed with satd NaHCO3and brine; after drying (Na2SO4) the solution, the solvents was evaporated. Purification was done by column chromatography.
Penems la and lb: General Deprotection Procedure Using Pd(P(C6H6)3)4 -Acetylacetone under
Argon
To a solution of 1.257 mmol penem ester 5b (n=l, lactone R-(-)-8) in 5.5 ml abs THF was added at roomtemp 3.267mmol acetylacetone followed by approx 50mg Pd complex. Stirring was continued for 1.5 hours, after which 3 ml satd NaHCO3solution was added. After 15 minutes stirring at room temp, the organic solvent was evaporated in vacuo and the residue filtered on XAD-2(elution with H2O). Yield: 80% lyophilisate.
Deprotection using SnBu3Hinstead of acetylacetone works equally well, but the yields are rather lower.
X-Ray Analysis of Compound 21 Crystal Data: Orthorhombic, space group P212121, a=6.034(2), £=10.406(3), c=38.117(8) A, Z=4.
A Philips PW1100automatic diffractometer was used for data collection with CuKaradiation and graphite monochromator. The intensities of 2488 independent reflections with 6<6T were measured, of which 2353 were classified as observed with I<2<7 (I).
The structure was solved by direct methods using the MULTAN78 program335. 18 of 20 Hatoms were found from a difference Fourier map, the coordinates of the rest were calculated assuming tetrahedral geometry. The structure was refined by full-matrix least-squares calculations with anisotropic (isotropic for H-atoms) thermal parameters to a final R value of 0.048.
